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SUMMARY 
The p r o t o n n u c l e a r s p i n - l a t t i c e r e l a x a t i o n t imes a re 
measured f o r a s e r i e s o f b i n a r y h a l o f o r m s o l u t i o n s . The 
measurements a re made as a f u n c t i o n o f mole f r a c t i o n s o l u t e . 
The s p i n - l a t t i c e r e l a x a t i o n t imes are o b t a i n e d f r om t h e decay 
c u r v e s . Measurements a re made on t h e JEOL 4H-100 and PFT-100 
NMR S p e c t r o m e t e r s . 
The h a l o f o r m m o l e c u l e s are mass ive enough t h a t o n l y 
d i p o l a r r e l a x a t i o n s h o u l d occu r and s i n c e each m o l e c u l e has 
o n l y one p r o t o n , a l l d i p o l a r r e l a x a t i o n i s i n t e r m o l e c u l a r . 
The i n t e r m o l e c u l a r d i p o l e - d i p o l e mechanism depends upon t h e 
r e l a t i v e t r a n s l a t i o n a l c o r r e l a t i o n t imes and t h e d i s t a n c e s 
o f c l o s e s t approach and as such i s one o f t h e few e x p e r i m e n t a l 
pa rame te rs t h a t depend d i r e c t l y on i n t e r m o l e c u l a r p a i r i n t e r ­
a c t i o n s i n s o l u t i o n s . The r e s u l t s a re compared t o a 
s t a t i s t i c a l model f o r r e l a x a t i o n i n an i d e a l s o l u t i o n . The 
compar i son i s t h e n used t o e s t a b l i s h t h a t as t h e s o l u t i o n s 
become e n r i c h e d i n c h l o r o f o r m , t h e m o l e c u l e s see a m i c r o -
v i s c o s i t y r a t h e r t h a n the b u l k v i s c o s i t y . 
T h e . p r o t o n - c a r b o n - 1 3 i n t e r m o l e c u l a r , N u c l e a r 
Overhauser enhancements (NOE) and c a r b o n - 1 3 s p i n - l a t t i c e 
r e l a x a t i o n t i m e s are measured i n a s o l u t i o n o f 0.2 mole 
f r a c t i o n d e u t e r a t e d ace tone i n w a t e r . Measurements a re made 
on t h e JEOL PFT-100 F o u r i e r T r a n s f o r m NMR S p e c t r o m e t e r . The 
v i i 
NOE values are obta ined us ing a carbon t e t r a c h l o r i d e e x t e r n a l 
r e f e r e n c e . The carbon-13 r e l a x a t i o n times are measured 
us ing the p a r t i a l l y r e l axed f o u r i e r t ransform method. 
The NOE va lues and the r e l a x a t i o n times are used to 
determine the i n t e rmo lecu l a r r e l a x a t i o n r a t e s for the 
carbonyl and the methyl carbons of the ace tone . These r a t e s 
a re used to show t h a t the so lven t i s i n t e r a c t i n g more 
s t r o n g l y with the carbonyl p a r t of the molecule . 
CHAPTER I 
INTRODUCTION 
The tremendous advances in Nuclear Magnetic Resonance 
(NMR) equipment in r ecen t years make i t h igh ly d e s i r a b l e to 
f ind new ways to use NMR spect roscopy d a t a . One such 
aspect i s r e l a x a t i o n s t u d i e s . Determinat ion of exper imenta l 
r e l a x a t i o n r a t e s can give i n s i g h t s i n to molecular i n t e r ­
a c t i o n s . The t o t a l r e l a x a t i o n r a t e of a molecule i s the 
sum of seve ra l i n d i v i d u a l and d i s t i n c t r a t e s . ' ' ' I s o l a t i o n 
of the d i f f e r e n t r a t e s i s d e s i r a b l e because each i s the 
r e s u l t of a d i f f e r e n t type of molecular i n t e r a c t i o n . Of 
p a r t i c u l a r i n t e r e s t in t h i s work i s the d i p o l e - d i p o l e i n t e r ­
a c t i o n . A d i p o l a r i n t e r a c t i o n can occur between two 
protons (homonuclear i n t e r a c t i o n ) or between two d i f f e r e n t 
magnetic spec ie s such as a proton and a carbon-13 (he t e ro -
nuc lea r i n t e r a c t i o n ) . 
There are two types of d i p o l a r r e l a x a t i o n . I n t r a ­
molecular r e l a x a t i o n i s caused by the r e o r i e n t a t i o n of the 
molecule and can be used to determine the r e o r i e n t a t i o n a l 
c o r r e l a t i o n t ime . In t e rmolecu la r d i p o l a r r e l a x a t i o n i s 
caused by molecular t r a n s l a t i o n and can be used to study the 
r e l a t i v e t r a n s l a t i o n a l c o r r e l a t i o n time and the d i s t a n c e of 
c l o s e s t approach. The l a t t e r i n t e r a c t i o n i s one of the few 
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experimental parameters for liquids which depend directly on 
intermolecular pair interactions and is the subject of 
interest in these studies. 
Early relaxation studies were thought to have shown 
that at room temperature proton spin-lattice relaxation times 
of simple molecules were determined mainly by dipolar inter-
actions. More recent results by Krishna have shown this 
to be untrue and pointed out that spin rotation is important. 
His experiments on methylene dibromide showed that the 
3 
relaxation was 20 percent spin rotation. Krishna, et al., 
earlier did intermolecular proton dipole-dipole studies on 
systems where there were competing mechanisms due to the 
intramolecular dipole-dipole interactions.^ 
The choice of the haloforms for this study provided 
molecules that have a larger moment of inertia and thus 
rotate more slowly; the resultant smaller molecular magnetic 
moment might eliminate spin rotation relaxation. This 
prediction proved to be true and the molecules displayed 
only dipolar relaxation. The binary haloform solutions had 
only one proton per molecule and thus no possibility of 
intramolecular relaxation. In these solutions it is 
possible to study directly the correctness of the basic 
formulism for intermolecular relaxation and to study the 
sensitivity of the experiment to molecular parameters such 
as the relative translational correlation time and the 
distances of closest approach. The proton spin-lattice 
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r e l a x a t i o n t i m e s o f v a r i o u s c o n c e n t r a t i o n s o f b romofo rm-
c h l o r o f o r m s o l u t i o n s and i o d o f o r m - c h l o r o f o r m s o l u t i o n s were 
measured. T h i s i s d i f f e r e n t f r om o t h e r i n v e s t i g a t i o n s o f 
t h e mo lecu les i n w h i c h each h a l o f o r m was examined i n d i v i d u -
a l l y i n a ca rbon d i s u l f i d e medium. The r e s u l t s a re d i s c u s s e d 
i n te rms o f t h e i n d i v i d u a l p r o p e r t i e s o f t h e m o l e c u l e s and 
t h e i r i n t e r a c t i o n s i n s o l u t i o n . Then t h e e x p e r i m e n t s c o u l d 
be ex tended t o l a r g e r m o l e c u l e s and a p r o t o n - c a r b o n - 1 3 
r e l a x a t i o n mechanism c o u l d - b e i n v e s t i g a t e d . P r i o r t o t h i s 
work t h e i n t e r m o l e c u l a r r e l a x a t i o n p rocess i n c a r b o n - 1 3 
e x p e r i m e n t s had n o t been o b s e r v e d . 
P r o t o n - c a r b o n - 1 3 d i p o l a r i n t e r a c t i o n s i n a c e t o n e - d 6 -
w a t e r s o l u t i o n s were s t u d i e d . I n t e r p r e t a t i o n o f t h e r e s u l t s 
i s c o m p l i c a t e d by s p i n - r o t a t i o n r e l a x a t i o n o f c a r b o n - 1 3 . 
However, i t was p o s s i b l e t o see s u b s t a n t i a l i n t e r m o l e c u l a r 
d i p o l a r c o n t r i b u t i o n s t o t h e t o t a l r e l a x a t i o n mechanism 
because o f t h e N u c l e a r Overhauser E f f e c t (NOE). The NOE 
m a g n i f i e s t h e i n t e r m o l e c u l a r d i p o l a r r e l a x a t i o n by a f a c t o r 
o f f o u r (y1 / Y 1 3 ~ 4) . 
H C 
I t i s hoped t h a t t hese s t u d i e s w i l l l e a d t o a 
p r a c t i c a l t e c h n i q u e f o r mapping t h e r e l a t i v e t r a n s l a t i o n a l 
v e l o c i t i e s between each p a i r o f n u c l e i ( i . e . each c a r b o n - 1 3 
o f a m o l e c u l e and t h e p r o t o n s s u r r o u n d i n g i t ) i n t h e 
s o l u t i o n and p r o v i d e d e t a i l e d i n f o r m a t i o n about t h e c o l l i s i o n 
p rocesses t h a t occu r i n t h e s o l u t i o n . 
I n Chap te r I I t h e r e l a x a t i o n mechanisms o f i n t e r e s t 
4 
and t h e t h e o r y b e h i n d them are d i s c u s s e d . The N u c l e a r 
Overhauser E f f e c t i s e x p l a i n e d i n d e t a i l . 
Chapter I I I d e t a i l s t h e e x p e r i m e n t a l r e s u l t s o b t a i n e d 
f o r t h e b i n a r y h a l o f o r m s o l u t i o n s and d i s c u s s e s them i n 
terms o f t he d i p o l a r r e l a x a t i o n p r o c e s s . An a t t e m p t i s made 
t o i n t e r p r e t t h e r e s u l t s i n terms o f a s i m p l e m o d e l . 
Chapter IV g i v e s t h e r e s u l t s o f t h e p r o t o n - c a r b o n - 1 3 
e x p e r i m e n t s and d i s c u s s e s t h e p rob lems o c c u r i n g i n t r y i n g 
t o o b t a i n r e l e v a n t d a t a . 
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CHAPTER I I 
NUCLEAR RELAXATION THEORY 
The n u c l e a r m a g n e t i z a t i o n o f a samp le , M, i s t h e sum 
o f a l l t h e i n d i v i d u a l n u c l e a r magne t i c moments, y , pe r u n i t 
volume o f sample . Sp in j n u c l e i i n a dc magne t i c f i e l d , 
H Q , can be i n two s p i n s t a t e s w i t h magne t i c quantum numbers 
1 1 
+ ~- and and e n e r g i e s -y_H and +y H , r e s p e c t i v e l y . The 
l owe r l e v e l energy c o r r e s p o n d s t o u a l i g n e d p a r a l l e l t o H Q 
and t h e h i g h e r l e v e l energy t o t h e a n t i p a r a l l e l a l i g n m e n t . ^ 
An o s c i l l a t i n g magne t i c f i e l d , H, can cause t r a n s i ­
t i o n s between t h e two n u c l e a r s p i n l e v e l s . T h i s f i e l d can 
p roduce t r a n s i t i o n s i n e i t h e r d i r e c t i o n w i t h equa l p r o b a b i l i t y 
pe r n u c l e u s p e r u n i t t i m e . However, a t e q u i l i b r i u m , t h e 
p o p u l a t i o n o f t h e l ower l e v e l exceeds t h a t o f t h e upper l e v e l 
a c c o r d i n g t o t h e Bo l tzmann d i s t r i b u t i o n l a w , and t h e r e i s a 
n e t a b s o r p t i o n o f e n e r g y . I t m i g h t seem t h a t t h e r f f i e l d 
wou ld soon cause t h e p o p u l a t i o n s t o become e q u a l w i t h no 
more energy b e i n g a b s o r b e d . T h i s , i n f a c t , w i l l happen i f 
t h e r f f i e l d s t r e n g t h i s l a r g e enough. T h i s i s c a l l e d 
s a t u r a t i o n . However, t h e r e i s a p r o c e s s w h i c h opposes t h e 
e q u a l i z a t i o n o f t h e p o p u l a t i o n s by H. T h i s p r o c e s s i s t h e 
exchange o f energy between t h e t r a n s l a t i o n a l , r o t a t i o n a l , 
and v i b r a t i o n a l degrees o f f reedom ( t h e l a t t i c e ) and t h e 
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n u c l e a r s p i n s . T h i s p r o c e s s i s c a l l e d s p i n - l a t t i c e r e l a x a ­
t i o n . The c o u p l i n g w h i c h c a u s e s t h e e n e r g y t r a n s f e r b e t w e e n 
t h e n u c l e a r s y s t e m a n d t h e l a t t i c e d e p e n d s u p o n t h e 
f l u c t u a t i n g l o c a l i z e d m a g n e t i c f i e l d s a t t h e s i t e s o f t h e 
n u c l e i . The s p i n - l a t t i c e c o u p l i n g i s c h a r a c t e r i z e d by a 
r e l a x a t i o n r a t e R^, w h i c h c a n b e d e t e r m i n e d f rom t h e m e a s u r e 
men t o f t h e s p i n - l a t t i c e r e l a x a t i o n t i m e , T ^ . The s t r o n g e r 
t h e s p i n - l a t t i c e r e l a x a t i o n i s , t h e s h o r t e r t h e c h a r a c t e r ­
i s t i c T ^ , and v i c e - v e r s a . ^ ' ^ 
At e q u i l i b r i u m , t h e e n e r g y l e v e l s h a v e p o p u l a t i o n s 
o , 6 p ^ g i v e n by 
P ° = K e x p ( - E ^ / k T ) , (1 ) 
w h e r e E^ i s t h e e n e r g y o f t h e i l e v e l a n d K i s a n o r m a l i ­
z a t i o n c o n s t a n t . I f a t t i m e z e r o , t h e p o p u l a t i o n s h a v e a 
n o n - B o l t z m a n n d i s t r i b u t i o n , P^ w i l l a p p r o a c h P° a c c o r d i n g t o 
d P . / d t = ZW.. ( P . - P ? )-ZW.. r p . - p ? ) (2) 
i j J i J J j i J i i ^ 
w h e r e W^j a n d W.. ^  a r e t h e t h e r m a l t r a n s i t i o n p r o b a b i l i t i e s 
f rom l e v e l s i t o j a n d l e v e l s j t o i , r e s p e c t i v e l y . ^ 
F i r s t , l e t u s l o o k a t a s i n g l e s p i n c a s e r e l a x i n g 
i n an e x t e r n a l r a n d o m f i e l d . T a k e a s a m p l e o f p r o t o n s o r 
c a r b o n - 1 3 and c a l l P ^ , t h e p o p u l a t i o n o f t h e s t a t e a n d 
?2 "the p o p u l a t i o n o f t h e s t a t e . I n a d d i t i o n , n e g l e c t 
t h e s m a l l d i f f e r e n c e between W 1 2 and W 2 1 , and l e t W be 
equa l t o jVN12 + W 2 1 ) . . Then , 
d P x / d t = -WCP^PJ) + W ( P 2 - P ° ) , (3) 
and 
d P 2 / d t = - W ( P 2 - P ° ) + W ( P 1 - P ° ) . (4) 
I f e q u a t i o n (3) i s s u b t r a c t e d f r om e q u a t i o n (4) and t h e 
d i f f e r e n c e r e a r r a n g e d , we g e t 
d ( P 1 - P 2 ) / d t = - 2 W ( P r P 2 ) + 2 W ( P ° - P ° ) . (5) 
B u t , M z = n u z ( P ^ - P 2 ) , where n i s t h e number o f n u c l e i pe r 
u n i t vo lume . T h e r e f o r e , 
d M z / d t = n u z d ( P 1 - P 2 ) / d t , (6) 
and f r o m (6) 
d M z / d t = -2W [ M z ( t ) - M z O ) h (7) 
where M_ (°°) i s t h e e q u i l i b r i u m v a l u e o f M ( t ) . The t i m e 
T^ i s d e f i n e d as t h e t i m e c o n s t a n t f o r an e x p o n e n t i a l 
r e c o v e r y cu rve o f M z and i s seen as t h e e x p e r i m e n t a l 
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e x p o n e n t i a l d e c a y r a t e . T h e r e f o r e , 
T x = 1/2W, (8) 
and t h e s o l u t i o n t o (7) b e c o m e s 
M z ( t ) = e [MzCO) - Mz(«0] + M z (oo), (9 ) 
w i t h M (0 ) b e i n g t h e i n i t i a l v a l u e o f M ( t ) . 
Some of t h e r e l a x a t i o n m e c h a n i s m s w h i c h c a n b e 
i m p o r t a n t f o r n u c l e a r s p i n - l a t t i c e r e l a x a t i o n a r e d i p o l e -
d i p o l e , s p i n - r o t a t i o n , c h e m i c a l s h i f t a n i s o t r o p y , and 
s c a l a r c o u p l i n g t o a c h e m i c a l l y e x c h a n g i n g o r q u a d r u p o l a r 
r e l a x i n g n u c l e u s . " ' ' 
s p e c i f i c i n t e r e s t i n t h e s e e x p e r i m e n t s . To c o r r e c t l y 
d e s c r i b e d i p o l a r r e l a x a t i o n o n e n e e d s t o c o n s i d e r t h e 
r e l a x a t i o n o f two s p i n s . T h e r e a r e two t y p e s o f d i p o l e -
d i p o l e i n t e r a c t i o n s a n d i t i s i m p o r t a n t t o d i s t i n g u i s h 
b e t w e e n t h e m . F i r s t , t h e r e i s i n t r a m o l e c u l a r d i p o l e - d i p o l e 
( d d ) . The i n t r a m o l e c u l a r d i p o l e - d i p o l e r e l a x a t i o n i s 
c a u s e d by l o c a l m a g n e t i c f i e l d s w h i c h a r e d u e t o o t h e r 
m a g n e t i c n u c l e i i n t h e same m o l e c u l e . The r e l a x a t i o n b e t w e e n 
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t h e c a r b o n - 1 3 and a p r o t o n o f a CHCl^ m o l e c u l e i s a n 
e x a m p l e o f an i n t r a m o l e c u l a r i n t e r a c t i o n . The o t h e r t y p e 
o f d i p o l e - d i p o l e i n t e r a c t i o n i s i n t e r m o l e c u l a r ( x d ) . T h i s 
The d i p o l e - d i p o l e i n t e r a c t i o n b e t w e e n n u c l e i i s o f 
i s t h e i n t e r a c t i o n between magne t i c n u c l e i o f one m o l e c u l e 
and t h e magne t i c n u c l e i o f a n o t h e r m o l e c u l e n e a r b y . The 
r e l a x a t i o n p r o c e s s between a c a r b o n - 1 3 i n ace tone and t h e 
p r o t o n s o f an H 2 0 s o l v e n t m o l e c u l e i s an i n t e r m o l e c u l a r 
p r o c e s s . 
Le t us now ex tend t h e f o r m u l a t i o n t o t h e case o f two 
n u c l e i r e l a x i n g each o t h e r by d i p o l e - d i p o l e i n t e r a c t i o n s . 
I f we have two s p i n s I = S = - j , t h e r e a re f o u r p o s s i b l e 
energy l e v e l s w h i c h w i l l be l a b e l e d as i n F i g u r e 1.^" T h e n , 
< I > z> = l ( P l + P 2 " P 3 " V > (10) 
and 
V = J&1 - P 2 + P 3 " V > (11) 
where M ( I ) = n . u < I > and M (S) = 
I z zK J n u<S >. T h e r e f o r e , s z ' 
d < I z > / d t = | ( d P 1 / d t + d P 2 / d t - d P 3 / d t - d P 4 / d t ) , (12) 
and 
d < S z > / d t = | ( d P 1 / d t - d P 2 / d t + d P 3 / d t - d P 4 / d t ) . (13) 
Us ing e q u a t i o n (2) and s u b s t i t u t i n g i n t o e q u a t i o n (20) and 
(21) g i v e s 
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d < I z > / d t = - 2 W J [ < I Z > - I 0 ] - W 0 [ C P 2 - P ° ) - ( P 3 - P ° ) ] 
- W 2 [ ( P r P ° ) - C P 4 - P 4 ) ] , C14) 
and 
d < S z > / d t = - 2 W S [ < S Z > - S 0 ] + W 0 [ ( P 2 - P ° ) + ( P 3 - P ° ) ] 
- W j I C r P j ) + ( P 4 - P 4 ) ] - (15) 
T h i s i s p o s s i b l e because i n t h e weak c o u p l i n g l i m i t , " ' ' 
W l = W13 = W24> W l " W12 " W34> W 0 = W23 a n d W2 = W14> 
where i s t h e s i n g l e quantum t r a n s i t i o n p r o b a b i l i t y f o r 
s p i n I , i s t h e s i n g l e quantum t r a n s i t i o n p r o b a b i l i t y f o r 
s p i n S , WQ i s t h e zero quantum t r a n s i t i o n p r o b a b i l i t y f o r 
b o t h s p i n s , and W2 i s t h e two quantum t r a n s i t i o n p r o b a b i l i t y 
f o r t h e s p i n s t o r e l a x i n t he same d i r e c t i o n a t t h e same 
t i m e . 
Add ing and s u b t r a c t i n g e q u a t i o n s (10) and ( 1 1 ) , 
< I > + < S > = P . - P „ , 
z z 1 4 * (16) 
and 
< I > - < S > = P 0 - P -z z 2 3 (17) 
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T h e r e f o r e , 
d < I z > / d t = - l / T j A [ < I z > - I 0 ] - l / T ^ [ < S z > - S Q ] , (18) 
and 
d < S z > / d t = - 1 / T ^ S [ < S Z > - S Q ] - l / T ^ [ < I z > - I o ] , (19) 
where 
and 
1 / T * 1 = 2W* + WQ + W 2 , (20) 
1 / T ^ S = 2W^ + WQ + W 2 , (21) 
1 / T * S = 1 / T ^ 1 = W2 - W Q . (22) 
I t i s t h e c ross r e l a x a t i o n terms ( t h e second t e rms ) 
i n e q u a t i o n (18) and (19) w h i c h a re r e s p o n s i b l e f o r t he 
N u c l e a r Overhauser Enhancement. I f we s a t u r a t e s p i n I a t 
i t s Larmor f r e q u e n c y , t h e n < I Z > = 0 , and we o b t a i n an 
enhancement o f <S Z > compared t o i t s e q u i l i b r i u m v a l u e S Q . 
3 
T h i s enhancement e x p e r i m e n t a l l y i s d e f i n e d by 
n = (<S > - S j / S . 
V
 Z 0 ^ 0 
(23) 
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When the steady state is reached, d<S >/dt = 0, and equation (32) gives1 
n = ( S O / T J S ) / ( I O / T 1 1 ) . (24) 
Knowing the total spin quantum numbers, S and I, and the gyromagnetic ratios, Yg and Yj> of S and I, respectively, gives 
n = Y S — S C S + D / Y J — C 2 5 ) Tl Tl 
The gyromagnetic ratios are very important for NOE, 
especialy for diferent species of nuclei. The I and S 
IS I 
factors in (1/T-^ )/(l/T^  ) cancel. Most Overhauser experi­
ments wil be on nuclei of spin Therefore equation (25) 
can be further reduced to W - W 
z
 —y . (26) 2W* + WQ + W2 If spin S relaxes only by dipole-dipole interactions, 
W2:W1:W0 =12'-'s'2>1 and 
1
 /-It = S(S+1}/2I(I+1), (27) rp S I rp I I 41
14 
and 
( 2 8 ) 
The e n h a n c e m e n t f a c t o r r\ d e p e n d s o n l y on t h e g y r o m a g n e t i c 
r a t i o s , a n d r e p r e s e n t s t h e maximum e n h a n c e m e n t p o s s i b l e . 
O t h e r r e l a x a t i o n p r o c e s s e s w i l l c o n t r i b u t e t o T^ b u t t h e 
(1 /T- , ) d i p o l e - d i p o l e c a n b e c a l c u l a t e d by 
n ( o b s e r v e d ) 1 1
 r ? Q ^ 
Y Q / 2 y T T t o t a l ~ T d i p o l e - d i p o l e 1 y j 
F o r m u l a s h a v e b e e n d e r i v e d t o d e t e r m i n e t h e d i p o l a r 
r e l a x a t i o n r a t e s . They a r e n o t e x a c t b u t c a n b e u s e d t o 
g i v e p r e d i c t i o n s f o r e x p e r i m e n t a l r a t e s a n d g i v e an i n s i g h t 
i n t o t h e p a r a m e t e r s u p o n w h i c h t h e r e l a x a t i o n d e p e n d s . 
So lomon d e r i v e d a f o r m u l a f o r T^ f o r t h e i n t r a m o l e c u l a r 
d i p o l e m e c h a n i s m f o r n o n e q u i v a l e n t n u c l e i i n t e r m s o f t h e 
r o t a t i o n a l c o r r e l a t i o n t i m e T c o f t h e m o l e c u l e i n t h e 
l i q u i d , * * 
1 / T : = h 2 Y V 2 / b 6 , ( 3 0 ) 
w h e r e b i s t h e i n t e r n u c l e a r d i s t a n c e . F o r e q u i v a l e n t n u c l e i 
o f t h e same s p e c i e s , So lomon o b t a i n e d 
! 15 
3
 h 2 4 
1 / T , - 2 1 - T C . (31) 
Bloembergen, P u r c e l l , and Pound, using a s p h e r i c a l model 
der ived a formula for the r o t a t i o n a l c o r r e l a t i o n t i m e , 
x c - (32) 
where n i s the v i s c o s i t y and a i s the r ad ius of the s p h e r e . ^ 
Gutowsky and Woessner extended t h i s to get r e s u l t s for both 
the i n t e rmo lecu l a r and the i n t r amo lecu l a r c o n t r i b u t i o n s to 
T^. Of i n t e r e s t i s t h e i r formula for the former, 
1 Tr 2h 2Y?nN a 
T7T = kT (3Y2Z r~TT + 2 ^ f 4 " ^ 
where i i s the nucleus of i n t e r e s t , j a re n u c l e i of the 
same s p e c i e s , and f a l l o the r n u c l e i , r?^ i s the mean va lue 
of r . . for two molecules in c o n t a c t , N the number of 
molecules per u n i t volume, and a i s t he r ad iu s of the 
sphere . 
Equation (33) was r e f ined to use G i e r e r ' s micro-
v i s c o s i t y formula for the d i f f u s i o n cons t an t "^ 
D ( t r a n s ) = kT/6Trnaf t (34) 
i 
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where 1 I 
£ t = C3r s /2 r Q ) + [ 1 / ( 1 + r s / r ) ] (35) 
for a s p h e r i c a l molecule of r a d i u s , r , in a so lven t of 
r a d i u s , r , and v i s c o s i t y n . This r e p l a c e s the Stokes-
E i n s t e i n r e l a t i o n D = kT/6Trna in equat ion (33) and i f 
D I S 1^1 + ' t ^ i e n (33) can be w r i t t e n for two n u c l e i 
as approx ima te ly 1 
*f— = I T N_YsYrh 2 S(S + l ) /D a (36) 
i n t e r 5 b 1 1 3 
xd 
Given the exper imenta l (1/T^) and (34) which i s a good 
approximation of the d i f fu s ion c o n s t a n t , i t i s s t r a i g h t ­
forward to c a l c u l a t e an approximation for a, the d i s t a n c e 
of c l o s e s t approach. I t should be noted t h a t t h i s model 
assumes t h a t th„e pro ton i s at the cen t e r of the molecule . 
Pople , Schneider , and Berns te in use the Stokes-
E i n s t e i n equat ion and assume equal gyromagnetic r a t i o s and 
sp ins to g e t 1 1 
W I N T E R = '^^^ ™ 
This formula j u s t l i k e a l l of the o the r formulas for the 
r e l a x a t i o n r a t e assumes s p h e r i c a l molecules in t h a t the 
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d i s t a n c e o f c l o s e s t approach i s i ndependen t o f t h e r e l a t i v e 
o r i e n t a t i o n s o f t h e mo lecu les d u r i n g a c o l l i s i o n . An 
a t t e m p t t o d rop t h i s assumpt ion i s made w h i l e t r y i n g t o 
i n t e r p r e t e x p e r i m e n t a l r e s u l t s . 
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CHAPTER I I I 
INSTRUMENTATION, SAMPLE PREPARATION, AND 
EXPERIMENTAL PROCEDURES 
Sample P r e p a r a t i o n 
The c h l o r o f o r m (99.9%) and ca rbon t e t r a c h l o r i d e 
(99.9%) w e r e , o b t a i n e d f r om t h e F i s h e r S c i e n t i f i c Company. 
The Bromoform (99%) was pu rchased f r o m t h e Eastman Kodak 
Company. The t e t r a m e t h y l s i l a n e (99.9%) and t h e c h l o r o f o r m - d l 
(99.8%) were o b t a i n e d f r om N u c l e a r Magne t i c Resonance 
S p e c i a l t i e s , I n c o r p o r a t e d . The a c e t o n e - d 6 (99.6%) was 
pu rchased f r o m Merck Sharp and Dohme o f Canada L i m i t e d . 
D e u t e r i u m o x i d e (99.7%) f rom D i a p r e p I n c o r p o r a t e d was u s e d . 
A l l NMR tubes and caps were m a n u f a c t u r e d by t h e Wi lmad 
Company. 
The method o f degass ing used was t o s u b j e c t t h e sample 
t o a s e r i e s o f f r e e z e - p u m p - t h a w c y c l e s . The d e s i r e d 
s o l u t i o n s were p u t d i r e c t l y i n t o an NMR sample t ube w h i c h 
had been f used t o an a d a p t o r t o f i t t h e vacuum s y s t e m . F i v e 
m i l l i m e t e r t ubes were used f o r e x p e r i m e n t s on p r o t o n - p r o t o n 
r e l a x a t i o n and e i t h e r e i g h t m i l l i m e t e r o r t e n m i l l i m e t e r 
tubes were used f o r t h e c a r b o n - 1 3 e x p e r i m e n t s . The sample 
was t h e n a t t a c h e d t o t h e vacuum sys tem. Then t h e sample was 
f r o z e n u s i n g l i q u i d n i t r o g e n . The f r o z e n sample was opened 
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to the vacuum system and the system evacuated until a 
pressure of 10 torr was reached. The sample was then 
closed off from the vacuum system and allowed to thaw. This 
cycle was repeated a minimum of seven times. Additional 
cycles were used if air bubbles continued to rise to the 
surface during the thawing process, after the seventh evacu­
ation. After sufficient degassing cycles were performed, 
the sample was then sealed and removed. 
For samples used in the carbon-13 experiments, the 
sealed eight millimeter tube was placed into a ten millimeter 
tube which contained a reference substance. Sufficient 
reference material had to be present in the larger tube to 
entirely surround the smaller tube to a height above the 
level of the coil. The larger tube was then capped with a 
standard plastic pressure cap. To insure that this smaller 
tube did not wobble during spinning, it had to be firmly 
resting on the bottom of the larger tube. This was accom­
plished either by the cap of the larger tube holding it down 
or by the cap and packing material holding it down. Folded 
filter paper served as adequate packing material. 
Proton T^ Measurement Procedure 
According to equation ( 9 ) the magnetization increases 
towards its equilibrium value exponentially with time 
constant T^. For the signal to increase according to ( 9 ) , 
the observing rf field must not be too large or it will 
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s a t u r a t e t h e s p i n s y s t e m . I n t h e d i r e c t m e t h o d o f e x p e r i ­
m e n t a t i o n t h e s p i n s y s t e m i s i r r a d i a t e d by a s t r o n g r f f i e l d . 
The r f f i e l d i s t h e n r e d u c e d t o a n o n - s a t u r a t i n g v a l u e and 
t h e s i g n a l i s p e r i o d i c a l l y s a m p l e d . The r e c o v e r y o f t h e 
a b s o r p t i o n s i g n a l w i l l t h e n f o l l o w e q u a t i o n ( 9 ) . 
M e a s u r e m e n t s w e r e made u s i n g JEOL 4H-100 and 
JEOL P F T - 1 0 0 s p e c t r o m e t e r s . The t i m e c u r v e s w e r e r e c o r d e d on 
t h e s p e c t r o m e t e r r e c o r d e r . M e a s u r e m e n t s w e r e made by 
p e r i o d i c a l l y r e c o r d i n g t h e r e s o n a n c e l i n e u s i n g a saw t o o t h 
sweep. The display was adjusted to a convenient height 
u s i n g t h e a m p l i t u d e c o n t r o l and t h e a t t e n u a t o r on t h e 
s p e c t r o m e t e r c o n s o l e . The s i g n a l was r e c o r d e d 15 t i m e s . 
The r f l e v e l was i n c r e a s e d by s i x db a n d a n o t h e r 15 s w e e p s 
w e r e t a k e n . I f t h e p e a k h e i g h t d o u b l e d , t h e n t h e s a m p l e was 
n o t b e i n g s a t u r a t e d a t t h e o r i g i n a l r f l e v e l . Once t h a t i t 
was a s s u r e d t h a t t h e s i g n a l was n o t b e i n g s a t u r a t e d , t h e 
s i g n a l was r e c o r d e d a t l e a s t t e n t i m e s t o p r o v i d e a v a l u e 
f o r t h e e q u i l i b r i u m h e i g h t . T h e n t h e m a g n e t i z a t i o n was 
i n v e r t e d by a d i a b a t i c f a s t p a s s a g e . A f t e r i n v e r s i o n , t h e 
p o w e r was r e d u c e d t o n o r m a l a n d t h e s i g n a l r e c o r d e d a s a 
f u n c t i o n o f t i m e . I t i s e s s e n t i a l t h a t t h e m a i n m a g n e t i c 
f i e l d b e k e p t s u f f i c i e n t l y i n h o m o g e n e o u s o r t h e l i n e w i l l 
be t o o n a r r o w . T h i s p r o b l e m was m i n i m i z e d by n o t s p i n n i n g 
t h e s a m p l e i n t h e p r o b e . T h i s b r o a d e n e d t h e l i n e a n d made 
t h e s i g n a l l e s s s e n s i t i v e t o t h e f i e l d h o m o g e n e i t y . 
The e x p e r i m e n t a l s w e e p t i m e was d e t e r m i n e d by t i m i n g 
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a f i x e d number o f sweeps and t h e n d i v i d i n g t h e e l a p s e d t i m e 
by t h e number o f sweeps t o g i v e a t i m e p e r i o d . Expe r imen ts 
were r u n w i t h a minimum i n t e r v a l o f f i v e T ^ ' s between r u n s . 
S i x runs were made pe r samp le . The decay was assumed t o be 
e x p o n e n t i a l and t o f o l l o w e q u a t i o n ( 9 ) . The T^ v a l u e was 
found u s i n g a p rogram w r i t t e n f o r t h e Wang 700 c a l c u l a t o r . 
The program was w r i t t e n t o t a k e a maximum o f 19 p o i n t s . 
Va lues f o r N (number o f p o i n t s ) , S^ , and T a re p u t i n t o t h e 
da ta bank . Va lues f o r S ( t ) f r o m 1 t o N a re f e d i n t o t h e 
c a l c u l a t o r . The program o u t p u t s v a l u e s f o r t he i n t e r ­
c e p t on t h e t - a x i s , and t h e RMS d e v i a t i o n . The p rogram was 
w r i t t e n t o use t he method o f l e a s t squares t o f i t t h e d a t a 
t o (y = mx + b ) . S i x v a l u e s f o r each sample were computed 
and t h e average t a k e n . 
The d i r e c t method i s r e l a t i v e l y s i m p l e , i s r e a d i l y 
i n t e r p r e t e d , and i s easy t o v i s u a l i z e . I t r e q u i r e d no 
m o d i f i c a t i o n o f t he s t a n d a r d s p e c t r o m e t e r s . The T^ o f 
i n d i v i d u a l l i n e s o f t h e o v e r a l l NMR spec t rum can be d e t e r ­
m i n e d . The s e n s i t i v i t y o f t h e method i s l i m i t e d by t h e 
s t e a d y - s t a t e n a t u r e o f t h e e x p e r i m e n t . 
NOE Measurements on PFT-10 0 
F o u r i e r T r a n s f r o m NMR was d e v e l o p e d t o i n c r e a s e t h e 
s i g n a l t o n o i s e (S/N) r a t i o f o r e x p e r i m e n t s where t h e 
magne t i c n u c l e i t o be examined were o f low c o n c e n t r a t i o n . 
T h i s has p roved t o be t r e m e n d o u s l y b e n e f i c i a l i n c a r b o n - 1 3 
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NMR because t h i s i s o t o p e has a n a t u r a l abundance o f 1 .1 
p e r c e n t . 7 
The p rocess o f FT NMR s t a r t s w i t h d a t a a c c u m u l a t i o n 
i n t h e f o rm o f f r e e i n d u c t i o n decay (F ID) c u r v e s . The 
accumu la ted FID i s m u l t i p l i e d by an a p o d i z a t i o n e x p o n e n t i a l 
and s t o r e d . Next t h e FID i s f o u r i e r t r a n s f o r m e d . A f t e r 
phase c o r r e c t i o n s t h e FT spec t rum i s d i s p l a y e d on t h e 
12 13 
o s c i l l o s c o p e and p l o t t e d by t h e r e c o r d e r . ' 
The FID a re accumu la ted i n o r d e r t o improve t h e s i g n a l 
t o noise ratio. T h i s i s v e r y important in carbon-13 NMR 
s p e c t r o s c o p y . The purpose o f t h e window f u n c t i o n i s t o 
f u r t h e r improve t h e S/N r a t i o by e l i m i n a t i o n o f some o f t h e 
n o i s e a t t he l owe r end o f t h e F ID . The FID i s i n t h e t i m e 
doma in . The FT c o n v e r t s t h i s f r om t h e t i m e domain i n t o t h e 
f r e q u e n c y doma in . The l a t t e r i s n o t h i n g more t h a n a s t a n d a r d 
NMR a b s o r p t i o n s p e c t r a . 
The a c c u r a t e measurement o f t h e NOE o f t h e c a r b o n y l 
and t h e d e u t e r a t e d m e t h y l peaks r e q u i r e d a r e f e r e n c e t h a t 
wou ld n o t be enhanced and p r e f e r a b l y w o u l d n o t be s u b j e c t t o 
c o u p l i n g . I f t h e r e f e r e n c e was i n t h e same tube as t h e 
m o l e c u l e s i t wou ld be s u b j e c t t o i n t e r m o l e c u l a r NOE f r o m t h e 
p r o t o n s o f t h e s o l v e n t . Carbon t e t r a c h l o r i d e was f o u n d t o 
se rve as an adequate r e f e r e n c e because i t g i v e s a s t r o n g 
s i g n a l , c o n t a i n s no p r o t o n s t o cause i n t e r m o l e c u l a r NOE, and 
has a b o i l i n g p o i n t h i g h enough so t h a t t h e r e i s no conce rn 
w i t h e v a p o r a t i o n d u r i n g l o n g t e r m a c c u m u l a t i o n s . I n a l l o f 
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t h e e x p e r i m e n t s t h e d e u t e r a t e d ace tone p r o v i d e d t h e r e q u i r e d 
l o c k m a t e r i a l f o r t h e d e u t e r i u m l o c k . 
An i n c r e a s e i n t h e number o f scans i n c r e a s e s t h e S/N 
r a t i o as t h e square r o o t o f N. Thus a l a r g e number o f 
scans f o r each expe r imen t i s p r e f e r a b l e b u t n o t a lways 
p o s s i b l e . The number o f scans used f o r each e x p e r i m e n t was 
dependent upon t h e a v a i l a b i l i t y o f t h e s p e c t r o m e t e r . The 
e x c e l l e n t l o c k w h i c h was a b l e t o be o b t a i n e d i n t h e e x p e r i ­
ments due t o t h e abundance o f d e u t e r i u m made o v e r n i g h t l o n g 
te rm a c c u m u l a t i o n s p o s s i b l e when t h e i n s t r u m e n t was a v a i l ­
a b l e . Care was t a k e n however t o i n s u r e t h a t t h e number o f 
scans f o r t h e n o n - d e c o u p l e d and t h e decoup led p a r t s o f each 
i n d i v i d u a l e x p e r i m e n t were t h e same and t h a t t h e two were 
r u n c o n s e c u t i v e l y . 
The f o u r i e r t r a n s f o r m e x p e r i m e n t s used an 8192 p o i n t 
t r a n s f o r m and a 6250 h e r t z b a n d w i d t h . T h i s gave a computer 
r e s o l u t i o n o f 1.526 h e r t z . An e x p o n e n t i a l minus t h r e e 
window p r o c e s s i n g was used f o r t h e F I D , The TT/2 p u l s e was 
p r o v i d e d by a s i n g l e p u l s e w i d t h s e t t i n g o f 22 m i c r o s e c o n d s . 
The r e p e t i t i o n t i m e between p u l s e s was 200 seconds . Once an 
adequate l o c k was o b t a i n e d and t h e pa rame te r s s e t , t h e p rog ram 
was e n t i r e l y a u t o m a t i c . 
Carbon-13 T-^  Measurements P rocedure 
The c a r b o n - 1 3 T^ measurements on t h e FT s p e c t r o m e t e r 
were p e r f o r m e d u s i n g an a u t o m a t i c p r o g r a m . I t was w r i t t e n 
24 
t o obse rve t h e FID f o l l o w i n g t h e 90 degree p u l s e i n a p u l s e 
sequence o f 180° - t - 90° w i t h t v a r i a b l e . The v a l u e s f o r 
t a re s e t by t h e programmer b u t a l l o f t h e b a s i c p a r a m e t e r s 
r e m a i n t h e same as i n t h e p r e v i o u s s e c t i o n . The v a l u e s f o r 
t used were t - t +nAt w i t h n b e i n g c o n s e c u t i v e i n t e g e r s . 
I t s h o u l d be n o t e d t h a t t h e p rogram w r i t t e n f o r t h e spec­
t r o m e t e r does n o t r e q u i r e t h e v a l u e s o f t t o be s e p a r a t e d by 
an equa l t i m e i n t e r v a l b u t i t was done f o r t h e s e e x p e r i m e n t s 
so t h a t t h e T^ computed by t h e s p e c t r o m e t e r c o u l d be checked 
on the Wang 700. The s p e c t r o m e t e r p r i n t s o u t t h e v a r i o u s 
h e i g h t s a t each v a l u e o f t and t h e v a l u e f o r T-^  o f each 
i n d i v i d u a l peak . 
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CHAPTER IV 
PROTON INTERMOLECULAR DIPOLAR RELAXATION IN 
BINARY HALOFORM SOLUTIONS 
The b i n a r y ha lo- form s o l u t i o n s chosen f o r t hese 
e x p e r i m e n t s • a r e systems where i n t e r m o l e c u l a r d i p o l a r r e l a x ­
a t i o n i s b e l i e v e d t o be t h e o n l y r e l a x a t i o n mechanism 
p r e s e n t . They thus p r o v i d e a sys tem where i n f o r m a t i o n abou t 
t h e fundamen ta l c o l l i s i o n p rocess o f t h e m o l e c u l e i n s o l u t i o n 
can be d e r i v e d . Of i n t e r e s t he re a re t h e r e l a t i v e t r a n s ­
l a t i o n a l mo t i ons and t h e d i s t a n c e s o f c l o s e s t a p p r o a c h . 
S ince t h e t h r e e h a l o f o r m s s t u d i e d had o n l y one p r o t o n 
t hey each gave o n l y one NMR s i g n a l . T h e r e f o r e , each b i n a r y 
system had two s i g n a l s . Bromoform and c h l o r o f o r m were t h e 
e a s i e s t t o work w i t h as t h e y are b o t h l i q u i d s a t room 
t e m p e r a t u r e and a re c o m p l e t e l y m i s c i b l e i n each o t h e r . T h e i r 
NMR c h e m i c a l s h i f t s a re s e p a r a t e d by 4 2 h e r t z . However , 
t h e i r r e l a x a t i o n t imes a re q u i t e d i f f e r e n t , 84 seconds f o r 
n e a t c h l o r o f o r m and 22 seconds f o r n e a t b romofo rm. I o d o f o r m 
i s a s o l i d a t room t e m p e r a t u r e and n o t v e r y s o l u b l e i n 
c h l o r o f o r m . The c h l o r o f o r m and i o d o f o r m peaks a re s e p a r a t e d 
by a p p r o x i m a t e l y 200 h e r t z . The low s o l u b i l i t y o f i o d o f o r m 
made the s i g n a l t o n o i s e r a t i o v e r y s m a l l f o r t h e i o d o f o r m 
s i g n a l . 
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Two e x p e r i m e n t s were r u n on each sample . Expe r imen t 
A c o n s i s t e d o f i n v e r t i n g t h e m a g n e t i z a t i o n o f t h e s o l u t e 
a l o n e w h i l e t h e s o l v e n t rema ined a t t h e r m a l e q u i l i b r i u m . 
Expe r imen t B e n t a i l e d an i n v e r s i o n o f b o t h t h e s o l u t e and 
s o l v e n t s i g n a l , a t t h e same t i m e . Expe r imen t B was r e l a t i v e l y 
s i m p l e t o p e r f o r m , b u t t h e r e was some d i f f i c u l t y i n p e r f o r m i n g 
Exper imen t A. The c l o s e n e s s o f t h e bromoform and c h l o r o f o r m 
s i g n a l s made i t d i f f i c u l t t o i n v e r t t h e m a g n e t i z a t i o n o f t h e 
s o l u t e w i t h o u t d i s t u r b i n g t h e m a g n e t i z a t i o n o f t h e s o l v e n t . 
Th i s p r o b l e m d i d n o t occu r w i t h t h e i o d o f o r m - c h l o r o f o r m 
s o l u t i o n s because t h e s i g n a l s were w e l l s e p a r a t e d . 
The m a g n e t i z a t i o n i s i n v e r t e d by sweeping t h r o u g h 
resonance w i t h a s t r o n g r f f i e l d as e x p l a i n e d i n Chap te r I I . 
T h i s i s c a l l e d a d i a b a t i c r a p i d passage . I f t i m e zero i s t h e 
t i m e o f i n v e r s i o n , t h e n M 2 ( t = 0 ) s h o u l d be equa l t o -M t t. 
However, i n r e a l i t y i t does n o t go t o -M^ because i n v e r s i o n 
i s n o t t o t a l . The decay back t o t h e M v a l u e was assumed t o 
be e x p o n e n t i a l and f o l l o w e q u a t i o n (9) . The e x p e r i m e n t a l T^ 
i s j u s t t h e t i m e c o n s t a n t o f t h i s e x p o n e n t i a l decay . I f t he 
l o g a r i t h m o f M f t ) - *M i s p l o t t e d v e r s u s t , t h e s l o p e 
equa ls -1 / T ^ . The f a c t t h a t t h e s l o p e i s n o t dependent upon 
the c h o i c e o f o r i g i n enab les one t o d i s r e g a r d t h e f i r s t 
peak a f t e r i n v e r s i o n . T h i s peak i s g e n e r a l l y i n v a l i d . The 
M z v a l u e s a re p r o p o r t i o n a l t o t h e i n t e n s i t i e s o f t h e p e a k s . 
For s m a l l m o l e c u l e s c o n t a i n i n g o n l y one p r o t o n , t h e 
d i p o l e - d i p o l e c o n t r i b u t i o n w i l l be e n t i r e l y i n t e r m o l e c u l a r 
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and d e s c r i b e d by e q u a t i o n ( 1 8 ) . I n e x p e r i m e n t B w h e r e t h e 
s o l u t e a n d s o l v e n t a r e b o t h d i s t u r b e d f rom t h e r m a l e q u i l i b r i u m , 
t h e r e l a x a t i o n r a t e i s due t o b o t h t e r m s i n t h e e q u a t i o n . 
When o n l y t h e s o l u t e s i g n a l i s i n v e r t e d a n d t h e s o l v e n t 
r e m a i n s a t t h e r m a l e q u i l i b r i u m , t h e m e a s u r e d r a t e i s d u e t o 
o n l y t h e f i r s t t e r m i n e q u a t i o n ( 1 8 ) . The t e r m (S - S Q ) i s 
z e r o i n t h i s c a s e and t h e s e c o n d t e r m o f t h e e q u a t i o n d r o p s 
o u t . The maximum i n c r e a s e i n t h e s o l u t e r e l a x a t i o n r a t e 
t h a t c a n o c c u r due t o t h e " b o o s t " f rom t h e s o l v e n t r e l a x a t i o n 
i s 50%. T h i s w i l l o c c u r a t i n f i n i t e d i l u t i o n o f s o l u t e 
p r o v i d e d t h e r e l a x a t i o n i s e n t i r e l y d u e t o d i p o l a r i n t e r ­
a c t i o n . At t h e o t h e r e x t r e m e o f n e a t s o l u t e t h e r a t e s o f 
e x p e r i m e n t s A and B s h o u l d b e e q u a l b e c a u s e t h e s e c o n d t e r m 
i s z e r o . 
E q u a t i o n (37) shows t h a t i n t h e b r o m o f o r m - c h l o r o f o r m 
s o l u t i o n s o n l y t h e v i s c o s i t y , n, t h e m o l e c u l e s p e r u n i t 
v o l u m e , N Q , a n d t h e d i s t a n c e of c l o s e s t a p p r o a c h i n f l u e n c e 
t h e i n t e r m o l e c u l a r r e l a x a t i o n r a t e . C a l c u l a t i o n s h a v e b e e n 
made a n d f o r m u l a s d e r i v e d f o r t h e d i s t a n c e o f c l o s e s t 
a p p r o a c h u s i n g t w i c e t h e m o l e c u l a r r a d i u s . " ' " Fo r t h e s e 
h a l o f o r m m o l e c u l e s d i s t a n c e s o f c l o s e s t a p p r o a c h c a l c u l a t e d 
t h i s way did n o t v a r y s i g n i f i c a n t l y . A d i s t a n c e o f c l o s e s t 
a p p r o a c h w h i c h t a k e s i n t o a c c o u n t t h e o r i e n t a t i o n a l c h a n g e s 
b e t w e e n t h e c o l l i d i n g m o l e c u l e s i s n e e d e d . 
I f i t i s a s s u m e d t h a t t h e m o l e c u l e s a r e s t o p p e d a t 
t h e i n s t a n t o f i n t e r a c t i o n , we c a n s a y t h a t when t h e two 
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m o l e c u l e s a re a t d , t h e d i s t a n c e o f c l o s e s t a p p r o a c h , t h e i r 
r o t a t i o n can be n e g l e c t e d . T h i s s h o u l d be a good a p p r o x i ­
m a t i o n . F i g u r e 2 d e p i c t s two mo lecu les w i t h t h e i r s p i n s 
l o c a t e d a t f and g . The r a d i u s o f t h e m o l e c u l e s , a , can be 
computed f rom t h e m o l e c u l a r volume and d Q i s two t i m e s t h e 
Van de r Waa ls 1 r a d i u s o f a hydrogen a tom. T r i g o n o m e t r i c 
s u b s t i t u t i o n and m a n i p u l a t i o n g i v e a v a l u e o f d w h i c h i s 
dependent upon known p a r a m e t e r s . I f 1/d i s i n t e g r a t e d f r o m 
zero t o TT and d i v i d e d by TT i t g i v e s a v a l u e f o r T / d ave raged 
over a l l r e l a t i v e o r i e n t a t i o n s o f t h e two m o l e c u l e s . The 
d e r i v a t i o n i s f ound i n Append ix 1 and t h e r e s u l t i n g i n t e g r a l 
i s 
The i n t e g r a l was s o l v e d by g r a p h i c a l methods . Va lues o f 
2.88 ft and 2.95 ft were used f o r t h e r a d i i o f c h l o r o f o r m and 
b romo fo rm , r e s p e c t i v e l y . The v a l u e used f o r d Q was 2.40 ft. 
The r e s u l t s o b t a i n e d f o r T /d were 0.205 ft ^ f o r t h e c h l o r o f o r m -
bromoform i n t e r a c t i o n . The r e s u l t s f o r t h e i n t e r a c t i o n 
between two c h l o r o f o r m m o l e c u l e s f o r T / d was 0.207 ft ^. The 
average d i s t a n c e o f c l o s e s t approach a l s o does n o t v a r y 
s i g n i f i c a n t l y f o r t h e b i n a r y s o l u t i o n s o f t hese two h a l o f o r m s . 
T/d = - f 
7T J T 7 I 
(38) 
bromoform i n t e r a c t i o n and 0.203 ft f o r t he b romofo rm-
A t h e o r e t i c a l model f o r t h e r e l a x a t i o n r a t e s o f t h e 
F i g u r e 2. D i s t a n c e o f C l o s e s t Approach 
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m o l e c u l e s i n t he b i n a r y s o l u t i o n can be d e r i v e d w h i c h 
depends upon the v i s c o s i t y and t h e c o n c e n t r a t i o n s , i f i t i s 
assumed t h a t t h e b romo fo rm-b romo fo rm , b r o m o f o r m - c h l o r o f o r m , 
and t h e c h l o r o f o r m - c h l o r o f o r m i n t e r a c t i o n s a re t h e same. 
S e v e r a l assumpt ions a re made. The f i r s t i s t h a t t h e v i s c o s i t y 
o f any p a r t i c u l a r sample, i s e q u a l t o t h e sum o f t h e mole 
f r a c t i o n s t i m e s t h e v i s c o s i t y o f t h e n e a t component summed 
o v e r b o t h components . T h i s i s done f o r s i m p l i c i t y and i s 
v a l i d s i n c e t h e r e l a x a t i o n r a t e o f e i t h e r component depends 
upon t h e v i s c o s i t y . I f a l l i n t e r a c t i o n s a re t h e same, t h e 
v i s c o s i t y seen i s t h a t o f t h e s o l u t i o n , a m a c r o v i s c o s i t y . A 
v a l u e o f 1 .741 c e n t i p o i s e was used f o r n e a t b romoform and 
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0.514 was used f o r t h e v i s c o s i t y o f nea t c h l o r o f o r m . N e x t , 
i t was assumed t h a t t h e mo la r d e n s i t i e s o f a l l components 
were t he same. T h i s i s j u s t i f i e d s i n c e t h e d e n s i t y o f 
bromoform i s 0.0114 m o l e / m i l l i l i t e r and t h a t o f c h l o r o f o r m 
i s 0.0124 m o l e / m i l l i l i t e r . Us ing t h e v a l u e s o f n e a t bromo­
f o r m r e l a x a t i o n t i m e as 20 seconds and f o r c h l o r o f o r m 87 
seconds , t h e t h e o r e t i c a l c u r v e s a re c o n s t r u c t e d . The 
d e r i v a t i o n o f t h e e q u a t i o n s f o r t h e cu rves i s c o n t a i n e d i n 
Append ix 2 . 
The t h e o r e t i c a l cu rves a re shown i n F i g u r e 3. The 
r e l a x a t i o n r a t e o f b o t h components s h o u l d be equa l f o r a l l 
c o n c e n t r a t i o n s f o r e x p e r i m e n t B. The r e l a x a t i o n r a t e o f 
b romoform i n expe r imen t A s h o u l d equa l t h a t o f n e a t bromo­
fo rm i n i t i a l l y and t h e n d i v e r g e u n t i l a t i n f i n i t e d i l u t i o n 
F i g u r e 3 . T h e o r e t i c a l R e l a t i o n Rate V e r s u s 
Mole F r a c t i o n C h l o r o f o r m 
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t h e r a t e f o r e x p e r i m e n t B i s 50% g r e a t e r t h a n t h a t f o r 
e x p e r i m e n t A. The c h l o r o f o r m cu rve f o l l o w s t h e same p a t t e r n 
a n d , as can be s e e n , s h o u l d d e v i a t e by more as i t goes t o 
i n f i n i t e d i l u t i o n . A t t h i s p o i n t , t h e r a t e f o r e x p e r i m e n t B 
i s a l s o 50% g r e a t e r t h a n t h a t o f e x p e r i m e n t A. 
The v a l u e s o f T^ f o r c h l o r o f o r m d i s s o l v e d i n b romoform 
were measured f o r d i f f e r e n t c o n c e n t r a t i o n s . T^ was measured 
u s i n g b o t h e x p e r i m e n t s . I n e x p e r i m e n t A , o n l y t h e c h l o r o f o r m 
s i g n a l was i n v e r t e d a t t i m e z e r o , and t hus t h e i n i t i a l 
r e l a x a t i o n r a t e i s due o n l y t o t h e f i r s t t e r m i n e q u a t i o n ( 1 8 ) . 
The r a t e s o b t a i n e d were p l o t t e d v e r s u s t h e mole f r a c t i o n 
c h l o r o f o r m . I n e x p e r i m e n t B b o t h t h e c h l o r o f o r m and bromo­
fo rm s i g n a l s were i n v e r t e d . The r e l a x a t i o n r a t e t h e n changes 
because o f b o t h terms o f e q u a t i o n ( 1 8 ) . 
The T^ v a l u e s o b t a i n e d f o r b o t h e x p e r i m e n t s a re f o u n d 
i n Tab le 1 . The v a l u e s f o l l o w i n g t h e T ^ ' s i n p a r e n t h e s e s a r e 
t h e average d e v i a t i o n s o f t h e s i x measurements . The c o r r e ­
spond ing r e l a x a t i o n r a t e s a re found i n T a b l e 2. The 
r e l a x a t i o n r a t e v e r s u s t h e mole f r a c t i o n o f c h l o r o f o r m a re 
g i v e n i n F i g u r e 4. 
The T^ v a l u e s f o r bromoform were measured u s i n g t h e 
same s o l u t i o n s . Bromoform was t r e a t e d as t h e s o l u t e t h i s 
t i m e and e x p e r i m e n t s A and B were p e r f o r m e d a g a i n . The 
e x p e r i m e n t a l T ^ ' s a re g i v e n i n T a b l e 3. The c o r r e s p o n d i n g 
r a t e s a re g i v e n i n Tab le 4 , and t h e r e l a x a t i o n r a t e o f bromo­
fo rm v e r s u s t h e mole f r a c t i o n o f bromoform i s g i v e n i n F i g u r e 5. 
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T a b l e 1 . R e l a x a t i o n Times o f C h l o r o f o r m i n Bromoform 
as a F u n c t i o n o f Mole F r a c t i o n C h l o r o f o r m 
T 1 , Sec. T 1 , Sec. 
Mole F r a c t i o n (Expe r imen t A) (Expe r imen t B) 
1.00 8 6 . 1 ( + 1 . 6 ) 8 6 . 1 ( + 1 . 6 ) 
0.72 70 .0 ( + 1 . 0 ) 66 .5 ( + 1 . 4 ) 
0 .61 63 .6 (+1 .0 ) 5 9 . 1 ( + 0 . 3 ) 
0.46 54 .0 (+0 .6 ) 48 .6 ( + 0 . 8 ) 
0 .31 43 .2 ( + 1 . 4 ) 39 .6 ( + 1 . 2 ) 
0 .26 34 .2 ( + 0 . 4 ) 
T a b l e 2 . R e l a x a t i o n ; Rates o f C h l o r o f o r m i n Bromoform 
as a F u n c t i o n ^ o f Mole F r a c t i o n C h l o r o f o r m 
A ^ i T : + • 1/T-, , S e c ' 1 1/T-, , S e c " 1 Mole F r a c t i o n ' 1 * ' 1. 
(Expe r imen t A) (Expe r imen t B) 
1.00 0 .011 (+ .001) 0 .011 (+ .001 ) 
0.72 0.014 (+ .001 ) 0.015 ( + . 0 0 1 ) 
0 .61 0.015 (+_.001) 0.017 (+ .001 ) 
0 .46 0.018 (+ .001 ) 0.020 (+ .001 ) 
0 .31 0.023 ( + . 0 0 1 ) . 0 .025 (+ .001 ) 
0 .26 0.029 (+ .001 ) 
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T a b l e 3. R e l a x a t i o n Times o f Bromoform i n C h l o r o f o r m 
as a F u n c t i o n o f Mole F r a c t i o n Bromoform 
T 1 , Sec T 1 , Sec 
Mole F r a c t i o n (Expe r imen t A) (Expe r imen t B) 
1. 00 20.0 (±0.6) 20.0 (10.6) 
0.74 26. 0 (+0.6) 25.2 (±0.5) 
0.69 29.3 (+1.6) 27.4 (+.0.5) 
0.54 36.0 (+2.6) 31. 7 (±0.6) 
0.39 42.4 (+1.5) 36.2 (±1.1) 
0.28 45.1 (+1.4) 38.6 (±0.7) 
T a b l e 4. R e l a x a t i o n Rates o f Bromoform i n C h l o r o f o r m 
as a F u n c t i o n o f Mo le F r a c t i o n Bromoform 
i . . 1/T n , S e c " 1 1/T. , sec" 1 Mole F r a c t i o n ' 1' ' 1 * 
(Exper imen t A) (Expe r imen t B) 
1.00 0.049 (+.002) 0.049 (+.002) 
0.74 0.038 (+.002) 0.040 (+.001) 
0.69 0.034 (+.002) 0.037 (+.001) 
0.54 0.028 (+.002) 0.032 (+.001) 
0.39 0.024 (±.001) 0.028 (+.001) 
0.28 0.022 (+.001) 0.026 (+.001) 
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Figure 4 shows t h a t the chloroform r e s u l t s immedi­
a t e l y dev ia t ed from the t h e o r e t i c a l . However i t can be seen 
t h a t as the mole f r a c t i o n of chloroform decreases the r e s u l t s 
s t a r t curving toward the t h e o r e t i c a l . Figure 5 shows the 
oppos i t e r e s u l t s for the bromoform. These r e s u l t s i n i t i a l l y 
fol low the t h e o r e t i c a l and s t a r t to d e v i a t e as the mole 
f r a c t i o n of bromoform d e c r e a s e s . In f a c t , the d e v i a t i o n s 
begin about 0.5 mole f r a c t i o n . Thus, as the s o l u t i o n s show 
an abundance of chloroform, they a l so show d e v i a t i o n from 
the t h e o r e t i c a l r e s u l t s . Thus, the chloroform appears to 
be causing the d e v i a t i o n s from the t h e o r e t i c a l . 
The t h e o r e t i c a l model was developed assuming t h a t t he 
n e a r e s t ne ighbors were determined by the mole f r a c t i o n . The 
r e s u l t s show t h a t t h i s i s not t r u e . The chloroform could 
be a s s o c i a t i n g , which would cause i t to have more of i t s own 
spec ie s as n e a r e s t n e i g h b o r s , thus forc ing the bromoform to 
have more of i t s own spec ies surrounding i t . This i s why 
the d e v i a t i o n s are seen on the chloroform s i d e . The molecules 
are obvious ly not see ing the s o l u t i o n v i s c o s i t y but a micro-
v i s c o s i t y . Since the r a t e i s p r o p o r t i o n a l to the v i s c o s i t y , 
the curves bear t h i s ou t . The chloroform i s see ing a 
v i s c o s i t y t h a t i s lower than t h a t of the model and thus would 
f a l l below the t h e o r e t i c a l curve as i s seen. The bromoform 
i s see ing a v i s c o s i t y h igher than the model and i s above the 
t h e o r e t i c a l cu rve s . 
Experimental r e l a x a t i o n t imes of iodoform were found 
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f o r two s o l u t i o n s o f i o d o f o r m - c h l o r o f o r m p e r f o r m i n g e x p e r i ­
ment B o n l y . Samples o f 0.025 and 0 .031 mole f r a c t i o n 
i o d o f o r m were u s e d . These r e s u l t s gave r a t e v a l u e s w h i c h 
were above t h o s e o f bromoform w h i c h show even more d e v i a t i o n 
f r o m t h e t h e o r e t i c a l . 
These r e s u l t s f o r i o d o f o r m must be r e g a r d e d as 
q u a l i t a t i v e . The low s o l u b i l i t y o f i o d o f o r m a l l o w e d o n l y a 
s m a l l s i g n a l t o be seen and gave a v e r y poor s i g n a l t o n o i s e 
r a t i o . The e x p e r i m e n t a l T-^  o f t h e i o d o f o r m was v e r y s h o r t 
n o t a l l o w i n g many p o i n t s t o be used f o r t h e c a l c u l a t i o n . 
T h i s p r o b l e m compounded by t h e l ow s i g n a l t o n o i s e r a t i o 
l eaves t h e d a t a s u s p e c t . A way t o s o l v e t h e s i g n a l t o n o i s e 
p r o b l e m w o u l d be t h r o u g h t h e use o f p r o t o n f o u r i e r t r a n s f o r m 
NMR. U n f o r t u n a t e l y t h i s c a p a b i l i t y was n o t y e t o p e r a t i o n a l 
w i t h t h e JEOL machine a t t h e t i m e o f t h e e x p e r i m e n t s . 
S ince t h e t h e o r e t i c a l cu rves a re f o r s o l u t i o n s w i t h 
equa l s o l u t e - s o l u t e , s o l v e n t - s o l v e n t , and s o l u t e - s o l v e n t 
i n t e r a c t i o n s , t h e r e s u l t s f o r t h e b r o m o f o r m - c h l o r o f o r m 
s o l u t i o n s show t h e n o n i d e a l i t y o f t h e i n t e r a c t i o n s . S ince 
t he i n t e r a c t i o n i s i n t e r m o l e c u l a r o n l y , perhaps t h e T^ 
r e s u l t s can be compared t o vapor p r e s s u r e s t u d i e s . Bo th t h e 
vapo r p r e s s u r e and t h e i n t e r m o l e c u l a r r e l a x a t i o n r a t e a r e 
dependent upon t h e i n t e r a c t i o n s w i t h n e a r e s t n e i g h b o r s . Thus , 
t h e r e i s p o s s i b l y a co r respondence between t h e r e l a x a t i o n 
r a t e d e v i a t i o n s and any d e v i a t i o n s t h e s o l u t i o n s w o u l d show 
f r o m R a o u l t ' s Law. The assumpt ions used f o r t h e t h e o r e t i c a l 
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model a re s i m i l a r t o t hose used i n d e r i v i n g R a o u l t ' s Law. 
No d a t a c o u l d be f o u n d i n t h e l i t e r a t u r e f o r t h e vapo r 
p r e s s u r e s t u d i e s o f t h e b i n a r y h a l o f o r m s o l u t i o n s . However , 
t h e r e was da ta f o r a c h l o r o f o r m - b e n z e n e s t u d y . Perhaps a 
l o o k a t t h i s system w i l l t e l l someth ing about t h e a c t i o n s o f 
c h l o r o f o r m i n a b i n a r y s o l u t i o n . 
A vapor p r e s s u r e c u r v e o f a c h l o r o f o r m - b e n z e n e 
b i n a r y sys tem shows a p o s i t i v e d e v i a t i o n f r om R a o u l t ' s Law 
i n t h e r e g i o n o f g r e a t e r t h a n 0.5 mole f r a c t i o n c h l o r o f o r m . 1 ^ 
I t wou ld have been expec ted t h a t a benzene - c h l o r o f o r m p i 
complex w o u l d f o r m and cause a n e g a t i v e d e v i a t i o n f r o m 
i d e a l i t y . The c u r v e i n d i c a t e s t h a t t h e c h l o r o f o r m m o l e c u l e s 
a r e a s s o c i a t i n g w i t h o t h e r c h l o r o f o r m m o l e c u l e s and t h i s i s 
what causes t h e p o s i t i v e d e v i a t i o n i n t h i s r e g i o n . The 
d e v i a t i o n i s l e s s t h a n wou ld be e x p e c t e d f r om what was seen 
i n t h e r e l a x a t i o n s t u d i e s because t h e benzene m o l e c u l e s a re 
compet ing f o r t h e c h l o r o f o r m m o l e c u l e s i n o r d e r t o f o rm t h e 
p i comp lex . 
The r e s u l t s f o r t h e b i n a r y h a l o f o r m s o l u t i o n s show 
t h a t i n f o r m a t i o n about t h e m o l e c u l a r i n t e r a c t i o n s can be 
o b t a i n e d f r om r e l a x a t i o n r a t e s t u d i e s . T h u s , i n p r i n c i p l e , 
t h e r e c o u l d be a compar i son w i t h o t h e r p r o p e r t i e s t h a t depend 
upon i n t e r m o l e c u l a r i n t e r a c t i o n s , and r e l a x a t i o n r a t e s c o u l d 
be used t o g i v e q u i c k i n d i c a t i o n s o f t h e t r e n d s i n t h e s e 
o t h e r p r o p e r t i e s . 
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CHAPTER V 
PROTON - CARBON-13 INTERMOLECULAR EXPERIMENTS 
A s o l u t i o n of 0.20 mole f r a c t i o n deu t e r a t ed ace tone 
in water i s a good b inary s o l u t i o n to at tempt to see a 
proton - carbon-13 i n t e rmo lecu l a r Nuclear Overhauser E f f e c t . 
The carbon-13 spectrum has two major peaks , a carbonyl peak 
and a methyl peak. This p rov ides an oppor tun i ty to look for 
a d i f f e r e n t i a l i n t e rmo lecu l a r Overhauser e f f ec t between the 
carbonyl and the methyl carbon-13 peaks . The peaks a re 
sepa ra ted by 4633 Hz. The methyl resonance i s a s e p t u p l e t 
with s p l i t t i n g of 19.5 Hz. due to the deuter ium. The 
carbon-13 r e l a x a t i o n i s more complicated than the b ina ry 
haloform systems d i scussed e a r l i e r . Since a carbon-13 
nucleus i s surrounded by a l a r g e number of b inding e l e c t r o n s , 
i t w i l l have a s i g n i f i c a n t amount of sp in r o t a t i o n r e l a x a t i o n . 
There w i l l be no i n t r amo lecu l a r r e l a x a t i o n due to p ro tons 
and any r e l a x a t i o n due to the deuterium w i l l be l e s s than 
0.024 t h a t which would be expected from normal ace tone with 
p r o t o n s . This i s because the gyromagnetic r a t i o of t he 
deuteron i s 4107 r ad i ans second 1 Gauss 1 as compared to t h a t 
of the pro ton which i s 26,752."'" However, t h e r e should be 
i n t e rmo lecu l a r d i p o l e - d i p o l e r e l a x a t i o n of the acetone 
carbon-13 due to the p ro tons of the water so lven t because of 
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t h e l a r g e magne t i c moment o f t h e p r o t o n . A s o l u t i o n o f 
0.80 mole f r a c t i o n w a t e r s o l v e n t was chosen because e a r l i e r 
p r o t o n n u c l e a r magne t i c resonance s t u d i e s o f acetone -D6 i n 
w a t e r a t v a r i e d c o n c e n t r a t i o n s had shown t h a t a t a p p r o x i m a t e l y 
0.8 mole f r a c t i o n o f w a t e r t he maximum m o l e c u l a r a s s o c i a t i o n s 
17 
o c c u r r e d . 
There i s a p o s s i b i l i t y t h a t t h e ace tone-D6 w i l l 
exchange w i t h t h e w a t e r under a c i d i c o r b a s i c c o n d i t i o n s 
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because t h e m e t h y l i s a l p h a t o t h e c a r b o n y l . The sample 
used i n t h e s e e x p e r i m e n t s was made up a t n e u t r a l p H , b u t 
a c i d i c o r b a s i c subs tances c o u l d be l e a c h e d f r o m t h e p y r e x 
NMR t u b e . I n o r d e r t o make su re t h a t t h e exchange was 
i n s i g n i f i c a n t , two t e s t s were made. 
F i r s t , a l o n g t e rm ca rbon -13 spec t rum o f t h e sample 
was r u n a t room t e m p e r a t u r e . The sample a t t h i s t i m e was 
a p p r o x i m a t e l y 35 days o l d . Two hundred scans o f t h e spec t rum 
were made w i t h f i v e m i n u t e s between s c a n s . T h i s wou ld 
assu re t h a t i f a peak had a r e l a x a t i o n t i m e as l o n g as one 
m i n u t e , a p e r i o d o f 5T^ was o c c u r i n g between samp l i ngs and 
no s a t u r a t i o n o f peaks wou ld o c c u r . I t s h o u l d be n o t e d t h a t 
a -CHD2 peak wou ld have a r e l a x a t i o n t i m e w h i c h wou ld be 
l e s s t h a n t h a t o f a -CD^ peak , w h i c h i s somewhat l e s s t h a n 
one m i n u t e . However , t h e f i v e m i n u t e r e p e t i t i o n t i m e was 
s t i l l used as a p r e c a u t i o n . The spec t rum o b t a i n e d was t h e n 
expanded by f i f t e e n t i m e s on t h e X - a x i s . The d i f f e r e n c e 
between t h e c a r b o n y l peak l o c a t i o n s o f ace tone and d e u t e r a t e d 
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a c e t o n e i s a p p r o x i m a t e l y 0 . 3 ppm. Any e x c h a n g e o f p r o t o n s 
f o r d e u t e r i u m w o u l d c a u s e a s h i f t b e t w e e n z e r o a n d t h i s v a l u e . 
The c a r b o n y l p e a k o f t h e r e s u l t i n g s p e c t r u m d i d n o t show a n y 
s h i f t . The r e s o l u t i o n of t h e s p e c t r o m e t e r p e n i s 0 . 5 ppm, 
h e n c e t h e e x p a n s i o n was u s e d t o s e e i f a s h i f t i n d e e d d i d 
o c c u r a n d a n o t h e r p e a k c o u l d be s e e n . The m e t h y l p e a k showed 
no c h a n g e i n i t s s p l i t t i n g p a t t e r n , c o n t r a r y t o w h a t w o u l d 
h a v e b e e n e x p e c t e d i f p r o t o n s h a d e x c h a n g e d . The s e p t u p l e t 
e x p a n d e d f i f t e e n t i m e s on t h e X - a x i s showed no a l t e r a t i o n . 
The e x c h a n g e o f one p r o t o n w o u l d h a v e g i v e n a p a t t e r n of two 
q u i n t e t s . 
The s e c o n d t e s t r u n f o r i n d i c a t i o n s o f e x c h a n g e was 
t o t a k e a p r o t o n s p e c t r u m of t h e s a m p l e . T h i s was t h e n 
c o m p a r e d w i t h a p r o t o n s p e c t r u m of a 0 . 2 0 s a m p l e o f n o r m a l 
a c e t o n e i n w a t e r s o l v e n t . The f o r m e r showed a p r o t o n 
c o n c e n t r a t i o n o f a p p r o x i m a t e l y 0 . 1 % t h a t o f t h e l a t t e r . 
The n u c l e a r O v e r h a u s e r e x p e r i m e n t s w i l l b e d i s c u s s e d 
f i r s t . The i n t r a m o l e c u l a r NOE, w h i c h h a s b e e n s e e n i n n e a t 
a c e t o n e , 1 ^ w i l l n o t be p r e s e n t b e c a u s e t h e r e a r e no p r o t o n s 
t o c a u s e i t . T h e r e f o r e a n y i n c r e a s e i n t h e c a r b o n - 1 3 p e a k 
i n t e n s i t i e s u p o n i r r a d i a t i o n o f t h e p r o t o n f r e q u e n c y w i l l b e 
d u e t o an i n t e r m o l e c u l a r i n t e r a c t i o n . The maximum e n h a n c e ­
m e n t t h a t t h e o r e t i c a l l y c a n o c c u r i s 1 . 9 9 , a s c a n b e s e e n 
f rom e q u a t i o n ( 2 8 ) . 
The s a m p l e was s e a l e d i n a n e i g h t mm NMR s a m p l e t u b e 
a n d i n s e r t e d i n t o a t e n mm NMR t u b e c o n t a i n i n g c a r b o n 
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t e t r a c h l o r i d e t o b e u s e d a s a n e x t e r n a l r e f e r e n c e . The 
c a r b o n t e t r a c h l o r i d e c o u l d n o t O v e r h a u s e a n d c o u l d b e u s e d 
a s a r e f e r e n c e t o d e t e r m i n e a n y i n c r e a s e o r d e c r e a s e i n t h e 
o t h e r p e a k s . A c a r b o n - 1 3 NMR s p e c t r u m o f t h e s a m p l e was 
f i r s t t a k e n w i t h t h e d e c o u p l e r on b u t w i t h no i r r a d i a t i o n of 
t h e w a t e r p r o t o n s . T h i s was a c c o m p l i s h e d by u s i n g low p o w e r 
(50 db a t t e n u a t i o n ) c o n t i n u o u s wave d e c o u p l i n g and s h i f t i n g 
t h e f r e q u e n c y o f t h e s p i n d e c o u p l e r f i v e t h o u s a n d H z . away 
f rom t h e w a t e r p r o t o n f r e q u e n c y . T h e n , a n o t h e r s p e c t r u m 
was t a k e n w i t h t h e f r e q u e n c y o f t h e s p i n d e c o u p l e r s e t a t 
t h e r e s o n a n c e f r e q u e n c y o f t h e w a t e r p r o t o n s . The t e m p e r a t u r e 
o f t h e p r o b e was c o n s t a n t f o r b o t h e x p e r i m e n t s a t 28° 
c e n t i g r a d e . The two e x p e r i m e n t s w e r e p e r f o r m e d t w i c e . An 
e a r l i e r a t t e m p t t o do t h e e x p e r i m e n t by b r o a d b a n d n o i s e 
d e c o u p l i n g a t f u l l p o w e r r e s u l t e d i n t h e p r o b e t e m p e r a t u r e 
b e i n g r a i s e d 16° when t h e d e c o u p l e r was o n , a n d g a v e 
i n c o n s i s t e n t d a t a . T h i s was b e c a u s e t h e n o n - d e c o u p l e d 
s p e c t r u m was t a k e n w i t h t h e d e c o u p l e r o f f a n d was a t 2 8 ° . 
The r e s u l t s w e r e an e n h a n c e m e n t o f 0 . 4 6 6 (+_0.028) 
f o r t h e c a r b o n y l c a r b o n - 1 3 a n d 0 . 2 8 9 ( + 0 . 0 0 3 ) f o r t h e 
d e u t e r a t e d m e t h y l c a r b o n - 1 3 p e a k . As a c h e c k o f t h e 
s t a b i l i t y o f t h e e q u i p m e n t and t h e m a g n e t i c f i e l d , a s a m p l e 
o f 0 . 2 0 m o l e f r a c t i o n d e u t e r a t e d a c e t o n e i n d e u t e r i u m o x i d e 
was r u n t h r o u g h t h e same s e q u e n c e and a d e v i a t i o n o f o n l y 
0.6% was s e e n . 
N e x t , t h e e x p e r i m e n t a l r e l a x a t i o n t i m e f o r e a c h 
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c a r b o n - 1 3 o f t h e m o l e c u l e was d e t e r m i n e ^ . The s o l v e n t 
m o l e c u l e s have a g r e a t e r v i s c o s i t y t h a n t h e s o l u t e m o l e c u l e s , 
and t hus t h e ace tone s h o u l d move w i t h more r e s t r i c t i o n t h a n 
i t does i n i t s nea t c o n f i g u r a t i o n . Thus i f t h e d e u t e r a t e d 
ace tone has a l o w e r t r a n s l a t i o n a l v e l o c i t y , i t s h o u l d have a 
l a r g e r i n t e r m o l e c u l a r r e l a x a t i o n r a t e . The amount o f i n t e r ­
m o l e c u l a r d i p o l a r r e l a x a t i o n can be c a l c u l a t e d by u s i n g 
e q u a t i o n (29) and t h e v a l u e s f o r t h e e x p e r i m e n t a l r e l a x a t i o n 
r a t e and t h e Overhauser enhancement. 
The JEOL PFT-100 o r i g i n a l l y had an a u t o m o a t i c T1 
program w h i c h t o o k t h e p a r t i a l l y r e l a x e d f o u r i e r t r a n s f o r m 
(PRFT) s p e c t r u m . I t d i d n o t compute t he T^ v a l u e . However 
t h e PRFT d a t a c o u l d be used t o f i n d a v a l u e f o r T^ u s i n g t h e 
Wang 700 program used f o r t h e p r o t o n e x p e r i m e n t s . The 
r e s u l t s o b t a i n e d f rom t h i s T^ p rogram were v e r y e r r a t i c and 
u n s a t i s f a c t o r y . I t was found t h a t t h e p rob lem o c c u r r e d 
because t h e PRFT spec t rum was t a k e n u s i n g a TT - TT/ 2 p u l s e 
sequence whereas t h e v a l u e f o r t h e spec t rum a t t h e r m a l 
e q u i l i b r i u m was t a k e n w i t h a TT/2 p u l s e method . T h i s r e s u l t e d 
i n t h e PRFT spec t rum n o t b e i n g phased e x a c t l y t h e same as 
t h e M s p e c t r u m . Thus t h e d a t a was e r r a t i c . 
A new A u t o - T ^ p rogram was sen t t o r e p l a c e t h i s one 
w h i c h a l l e v i a t e d t h i s p r o b l e m . The new p rogram used a TT-TT/2 
p u l s e sequence t o t a k e t h e spec t rum a l s o . The b e s t 
e x p e r i m e n t a l da ta i s o b t a i n e d when t h e spec t rum i s 
o b t a i n e d w i t h a w a i t o f 5T n between t h e IT and t h e TT/2 
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p u l s e s . The maximum wai t c a p a b i l i t y o f , t h e d i g i t a l pu l s e 
programmer on the JEOL spect rometer i s 99 seconds. The 
maximum r e p e t i t i o n time between the t ak ing of each PRFT, 
i . e . , the time between success ive TT p u l s e s , should a l s o be 
5T^ but the l i m i t a t i o n of the machine was 130 seconds . The 
i m p l i c a t i o n of t h i s i s t h a t da ta ob ta ined for carbon-13 
with long T-^  va lues would be s u s p e c t . This problem w i l l be 
d i scussed in the i n t e r p r e t a t i o n of the T^ values o b t a i n e d . 
The new Auto-T^ program a l so c a l c u l a t e d a value for T^ 
e l i m i n a t i n g the need for the Wang program. 
The r e l a x a t i o n time obta ined for the carbonyl 
carbon-13 was 38.9 (+_1.6) seconds and for the d e u t e r a t e d 
methyl carbon-13 i t was 51.3 (+1.1) seconds . These va lues 
correspond to r a t e s of 0.0257 second 1 and 0.0195 second 1 , 
r e s p e c t i v e l y . A c l o s e r look a t t he 130 second wait between 
r e p e t i t i o n s i s now war ran ted . For the methyl peak t h i s 
means t h a t i t only r e t u r n s to 0.92 before the next 
sequence s t a r t s . This w i l l not cause the peak to become 
s a t u r a t e d , however i t does add a f a c t o r of e r r o r . Also the 
99 second wait while de termining the value a t thermal 
equ i l i b r ium means t h a t the spectrum taken i s only 0.86 M^. 
This adds another e r r o r f ac to r to the d a t a . The e r r o r w i l l 
be g r e a t e r in the methyl da ta s ince a longer r e l a x a t i o n time 
was ob ta ined for i t . 
This exper imenta l r e l a x a t i o n r a t e can be used with 
the exper imenta l Overhauser enhancements to c a l c u l a t e the 
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i n t e r m o l e c u l a r d i p o l a r r e l a x a t i o n r a t e by e q u a t i o n ( 2 9 ) . The 
d i p o l a r r a t e f o r t h e c a r b o n y l i s 0.00599 second 1 and f o r 
t he d e u t e r a t e d m e t h y l i s 0.00282 s e c o n d " 1 . E q u a t i o n (37) 
shows t h a t t h e d i f f e r e n c e must l i e i n t h e d i f f u s i o n c o e f f i ­
c i e n t o r t he d i s t a n c e s o f c l o s e s t a p p r o a c h . I t canno t be 
due t o a d i f f e r e n c e i n t he r e l a t i v e t r a n s l a t i o n a l v e l o c i t i e s 
o f t h e d i f f e r e n t ca rbon -13 s i n c e t h e m o l e c u l e i s t r a n s l a t i n g 
as a u n i t . T h u s , t h e s o l v e n t w a t e r m o l e c u l e s a re i n t e r a c t i n g 
more c l o s e l y w i t h t h e c a r b o n - 1 3 t h a n w i t h t h e m e t h y l c a r b o n - 1 3 
since the rate is proportional t o t h e inverse o f t h e distance 
o f c l o s e s t a p p r o a c h . T h i s i n d i c a t e s t h a t t h e w a t e r m o l e c u l e s 
a re more l i k e l y t o be near t h e c a r b o n y l c a r b o n t h a n nea r t h e 
d e u t e r a t e d m e t h y l c a r b o n . 
I t s h o u l d be n o t e d t h a t t h e t o t a l r e l a x a t i o n r a t e 
minus t h e i n t e r m o l e c u l a r r e l a x a t i o n r a t e g i v e s t h e r a t e due 
t o a l l o t h e r mechanisms. S ince o n l y t h e w a t e r p r o t o n 
f r e q u e n c y was i r r a d i a t e d t o d e t e r m i n e an NOE v a l u e , even i f 
c o n s i d e r a b l e p r o t o n - d e u t e r i u m exchange o c c u r r e d , t h e 
i n t e r m o l e c u l a r r a t e c o u l d have been d e t e r m i n e d s i n c e t h e 
i n t r a m o l e c u l a r r a t e wou ld have been i n c l u d e d i n t h e r a t e 
due t o o t h e r mechanisms. Thus , i n p r i n c i p l e , t h e e x p e r i m e n t 
as p e r f o r m e d may be used t o o b t a i n i n t e r m o l e c u l a r d i p o l a r 
r e l a x a t i o n r a t e s even f o r carbons w i t h d i r e c t l y bonded 
h y d r o g e n . 
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CHAPTER V I 
CONCLUSIONS AND RECOMMENDATIONS 
These e x p e r i m e n t s have shown t h a t t h e i n t e r m o l e c u l a r 
d i p o l e - d i p o l e r e l a x a t i o n p rocess i n s m a l l m o l e c u l e s can be 
used t o g i v e i n f o r m a t i o n c o n c e r n i n g t h e m o l e c u l a r c o l l i s i o n 
p r o c e s s i n b i n a r y s o l u t i o n s . Both p r o t o n - p r o t o n and p r o t o n -
ca rbon -13 i n t e r a c t i o n s have been s t u d i e d . 
The p r o t o n - p r o t o n s t u d i e s on t h e b i n a r y h a l o f o r m 
s o l u t i o n s have shown t h a t t h e c h l o r o f o r m m o l e c u l e s are 
t r a n s l a t i n g f a s t e r t h a n wou ld be expec ted when t h e s o l u t i o n 
has an abundance o f c h l o r o f o r m . C o n v e r s e l y , t h e bromoform 
i s t r a n s l a t i n g more s l o w l y t han e x p e c t e d . The i n d i v i d u a l 
s p e c i e s a re n o t s e e i n g t h e m a c r o v i s c o s i t y o f t h e medium b u t 
an i ndependen t m i c r o v i s c o s i t y . Thus t h e r e l a x a t i o n r a t e 
s t u d i e s can be s a i d t o be p r o b i n g t h e m i c r o v i s c o s i t y o f each 
s o l u t e . 
The i d e a l model f o r r e l a x a t i o n c o u l d be r e f i n e d by 
d o i n g v i s c o s i t y d e t e r m i n a t i o n s o f t h e d i f f e r e n t s o l u t i o n s 
r a t h e r t h a n j u s t assuming a mean v i s c o s i t y . However , t h e 
o n l y d i f f e r e n c e t h i s wou ld make w o u l d be i n t h e g e n e r a l 
shapes f o r t h e i d e a l c u r v e s . The i d e a l r a t e s f o r b romoform 
and c h l o r o f o r m i n e x p e r i m e n t B w o u l d s t i l l be e q u a l . Data 
i n t h e d i l u t e r e g i o n s wou ld be v e r y h e l p f u l i n c o n c l u s i v e l y 
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d e t e r m i n i n g t h e a b s e n c e o f s p i n r o t a t i o n r e l a x a t i o n i n t h e 
h a l o f o r m s and w o u l d g i v e an e v e n b e t t e r l o o k a t t h e i n t e r ­
a c t i o n s o c c u r i n g b e t w e e n t h e s p e c i e s . 
B e c a u s e o f t h e s i g n a l t o n o i s e l i m i t a t i o n s , d a t a c o u l d 
n o t b e o b t a i n e d f o r t h e b i n a r y h a l o f o r m s o l u t i o n s when t h e 
s o l u t e c o n c e n t r a t i o n was l e s s t h a n a b o u t 0 . 2 m o l e f r a c t i o n . 
D a t a c o u l d b e o b t a i n e d f o r t h e s e r e g i o n s , h o w e v e r , w i t h a 
p r o t o n f o u r i e r t r a n s f o r m s p e c t r o m e t e r . T h e s e e x p e r i m e n t s 
w o u l d p r o v i d e d a t a w h i c h c o u l d b e e x t r a p o l a t e d t o i n f i n i t e 
d i l u t i o n . The extrapolated relaxation rates c o u l d t h e n be 
u s e d t o c o n f i r m t h a t t h e r e l a x a t i o n p r o c e s s o c c u r i n g i s 
e n t i r e l y d i p o l e - d i p o l e . A t i n f i n i t e d i l u t i o n t h e r a t e f o r 
e x p e r i m e n t B s h o u l d b e 50% g r e a t e r t h a n t h a t f o r e x p e r i m e n t 
A. D a t a i n t h i s r e g i o n c o u l d a l s o b e u s e d t o s e e e x a c t l y 
w h e r e t h e c h l o r o f o r m b e g i n s t o a c t i d e a l l y , a s t h e c h l o r o f o r m 
a p p r o a c h e s i n f i n i t e d i l u t i o n , , A f o u r i e r t r a n s f o r m s p e c t r o m ­
e t e r w o u l d a l l o w t h e i o d o f o r m - c h l o r o f o r m e x p e r i m e n t s t o b e 
d o n e q u a n t i t a t i v e l y a n d a l l o w s i m i l a r e x p e r i m e n t s on 
i o d o f o r m - b r o m o f o r m . F u r t h e r s t u d i e s o f t h e s o l u t i o n s c o u l d 
b e d o n e a t d i f f e r e n t t e m p e r a t u r e i n o r d e r t o d e t e r m i n e 
a c t i v a t i o n e n e r g i e s f o r t h e r e l a t i v e t r a n s l a t i o n a l m o t i o n s . 
V a p o r p r e s s u r e s t u d i e s o f t h e c h l o r o f o r m - b r o m o f o r m 
s o l u t i o n s c o u l d be d o n e a n d c o m p a r e d w i t h t h e r e l a x a t i o n 
r e s u l t s t o s e e i f b o t h p r o p e r t i e s d e v i a t e f rom i d e a l i t y t o 
t h e same d e g r e e and i n t h e same m a n n e r . P r o t o n s t u d i e s 
c o u l d b e d o n e on o p t i c a l i s o m e r s s u c h a s I a n d d s e c - B u t y l 
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c h l o r i d e t o see i f a s o l u t i o n o f equa l amounts o f each 
i somer has t h e same r e l a x a t i o n t i m e as t h e pu re o p t i c a l 
i s o m e r s . The pu re o p t i c a l i somers s h o u l d have equa l r e l a x a ­
t i o n t imes s i n c e t h e i r env i r onmen ts a re t h e same. I f i t 
can be seen t h a t a m i x t u r e has a d i f f e r e n t r e l a x a t i o n r a t e , 
t h e n r e l a x a t i o n s t u d i e s c o u l d p o s s i b l y be used t o d e t e r m i n e 
i n t e r m o l e c u l a r i n t e r a c t i o n s between o p t i c a l i s o m e r s . A 
d i s a d v a n t a g e t o t h i s t y p e o f s t u d y i s t h a t s e c - B u t y l 
c h l o r i d e has more t h a n one p r o t o n s i g n a l . Systems w i t h one 
p r o t o n o r w i t h s e v e r a l p r o t o n s w h i c h have s i g n i f i c a n t l y 
d i f f e r e n t resonance f r e q u e n c i e s wou ld be b e s t f o r t h i s t y p e 
o f s t u d y . " 
An expe r imen t more a l o n g t h e l i n e s o f t h e b i n a r y 
h a l o f o r m s t u d i e s wou ld be t o l o o k a t a s o l u t i o n o f b romoform 
i n 1 , 2 , 2 - t r i c h l o r o e t h a n e . Four d i f f e r e n t e x p e r i m e n t s c o u l d 
be r u n w h i l e l o o k i n g a t t h e bromoform r e l a x a t i o n . One when 
o n l y t h e bromoform s i g n a l i s i n v e r t e d , second w i t h o n l y t h e 
b romoform and t h e - C H C ^ s i g n a l i n v e r t e d , t h i r d l y w i t h o n l y 
t h e b romoform and t h e - C I ^ C l s i g n a l i n v e r t e d , and f i n a l l y 
w i t h a l l o f t h e s i g n a l s b e i n g i n v e r t e d . The r a t i o o f t h e 
i n c r e a s e i n t h e bromoform r e l a x a t i o n r a t e o f t h e f i n a l t h r e e 
expe r imen ts over t h e f i r s t one s h o u l d be 1 : 2 : 3 , r e s p e c t i v e l y . 
The s t u d i e s o f t he d e u t e r a t e d a c e t o n e - w a t e r s o l u t i o n 
a l l o w e d a d i r e c t o b s e r v a t i o n o f t h e p r o t o n - ca rbon -13 
N u c l e a r Overhauser E f f e c t f o r b o t h t y p e s o f ca rbon i n t h e 
ace tone m o l e c u l e . T h i s combined w i t h t h e r e l a x a t i o n r a t e 
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s t u d i e s of t h e c a r b o n - 1 3 showed t h a t t h e s o l v e n t m o l e c u l e s 
were i n t e r a c t i n g more s t r o n g l y w i t h t h e c a r b o n y l p o r t i o n of 
t h e m o l e c u l e t h a n w i t h t h e methy l g r o u p s . 
The c a p a b i l i t y t o s e l e c t t h e p r o t o n s which c a u s e t h e 
NOE by u s i n g low power c o n t i n u o u s wave i r r a d i a t i o n c o u l d be 
u s e f u l when t h e r e a r e s e v e r a l p r o t o n r e s o n a n c e s . T h i s would 
o c c u r i n n o n d e u t e r a t e d compounds. S t u d i e s s h o u l d be made on 
normal a c e t o n e i n w a t e r t o d e t e r m i n e t h e s e n s i t i v i t y of t h i s 
t y p e of e x p e r i m e n t when t h e r e i s a l s o t h e p o s s i b i l i t y of 
i n t r a m o l e c u l a r d i p o l a r r e l a x a t i o n . 
Measurements of t h e r e l a x a t i o n r a t e and NOE c o u l d be 
done a t d i f f e r e n t t e m p e r a t u r e s i n o r d e r t o measure a c t i v a t i o n 
e n e r g i e s . The d e c r e a s e i n t h e s p i n r o t a t i o n r e l a x a t i o n 
would p r o d u c e an i n c r e a s e i n t h e NOE. The sample has been 
t a k e n as low as -20°C w i t h o u t s o l i d i f y i n g . 
A s s o c i a t i o n s t u d i e s a r e p e r h a p s t h e b e s t u s e of t h i s 
t y p e of c a r b o n - 1 3 s t u d y . Ketones seem to be a good t y p e of 
m o l e c u l e t o s t u d y s i n c e t h e c a r b o n y l i s e x p o s e d , and shou ld 
a s s o c i a t e w i t h t h e s o l v e n t more s t r o n g l y t h a n o t h e r p a r t s of 
t h e m o l e c u l e . O t h e r s o l v e n t s s h o u l d be used b e c a u s e t h e 
s o l u b i l i t y of k e t o n e s i n w a t e r d e c r e a s e s w i t h i n c r e a s i n g 
k e t o n e s i z e . Other s o l v e n t s which have o n l y one t y p e of 
p r o t o n p r e s e n t and c o u l d be u sed a r e b e n z e n e , t e t r a m e t h y l -
s i l a n e , and d i m e t h y l s u l f o x i d e . The benzene and TMS have 
one d i s a d v a n t a g e i n t h a t t h e y have a l a r g e number of 
e q u i v a l e n t c a r b o n s . 
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APPENDICES 
A- l D e r i v a t i o n of e q u a t i o n (38). On F i g u r e 3, 
d 2 = ( d Q + b ) 2 + X 2 . (Al) 
In e q u a t i o n ( A l ) , x = a s i n 0 , b = a - y , and y = a c o s 8 . 
T h e r e f o r e , d 2 = (d + a ( l - c o s e ) ) 2 + a 2 s i n 2 9 . Then, 
1
 =
 1 j 7 7 de 
1 11
 o ( d Q + a ( l - c o s G ) 2 +' a 2 s i n 2 6 ) 1 / 2 
= i r" de 
1 1
 o ( d 2 + 2 a d ^ ( l - c o s e ) + a 2 (1-2cos9 + cos9 ) + a 2 s i n 2 e ) 1 / 2 
i
 { de 
1 1
 o ( d 2 + 2 a d r t ( l - c o s 0 ) + 2 a 2 ( l - c o s 0 ) ) 1 / 2 
I j" de 
I I
 o ( 2 a 2 + 2ad + d 2 - ( 2 a 2 + 2 a d ) ( c o s e ) ) 1 / 2 
v 0 0 o 
A-2 D e r i v a t i o n of T h e o r e t i c a l Curves of F i g u r e 4 . 
E q u a t i o n (18) may be w r i t t e n a s 
dB/d t = - C 3 / 2 T b b + l / T b c ) ( B - B o ) - l / 2 T b c ( C - C o ) (A2) 
and 
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In e q u a t i o n (A2) , 1 / T b b = C o n s t a n t n , where n = n^X^ + 
n c X c . T h e r e f o r e , 1 / T b b = C o n s t a n t n b (X fc + n c X c / n b ) X b . 
i t i s assumed t h a t N, + N = N . Then, 
b c o ' 
1 / T b b = C o n s t a n t N Q „ b (X f c + n c X c / n b ) X b . 
Nex t , i t i s assumed t h a t n c / n b = T^ /T^ . Then, 
1 / T b b = C o n s t a n t N Q % (X b + T ^ / T 0 ^ 
When X b = 1 , 
1 / T b b = 1 / T b , where 1 /T 1 (of n e a t B) = 3 / 2 T J \ 
T h u s , 1 /T b = C o n s t a n t n b N^ j and 
1 / T b b = l / T ° ( X b + T ^ . / T ° ) X b = ( X b / T ° + X c / T ° ) X b / 
S i m i l a r l y , 
and 
1 / T c b " 1 / T b b " < V T b + W X b - 1 / T 1 
1/T = 1/T, = ( X , / T K + X /T U = 1/T . cc be v b b c cJ c c 
There f o r e , 
and 
d B / d t = - ( 3 / 2 T b + l / T c ) ( B - B 0 ) - l / 2 T c ( C - C Q ) 
dC /d t = - ( 3 / 2 T c + l / T b ) ( C - C o ) - l / 2 T b ( B - B 0 ) . 
dC /d t = - ( 3 / 2 T c c + l / T c b ) ( C - C o ) - l / 2 T c b ( B - B 0 ) . (A2) 
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For Exper imen t A, 
( 1 / T 1 ) b = 3 / 2 T b + 1 / T c , (A3) 
( 1 / T 1 ) c = 3 / 2 T c + 1 / T b . (A4) 
For Exper imen t B, 
( 1 / T 1 ) b = | ( 1 / T b + 1 / T c ) = ( 1 / T 1 ) C . (A5) 
The c u r v e s i n F i g u r e 4 were o b t a i n e d by p l o t t i n g A3, A4, and 
A5 v e r s u s X C H C 1 , w i t h T° = 87 and T° = 20 . 
t. 
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